Porous Cu 2 O nanospheres with controllable structures were successfully synthesized by using ascorbic acid as the reducing agent and β-cyclodextrin (β-CD) as the capping agent via a sonochemical route, which was proved to be a green and convenient method for the controlled synthesis of porous Cu 2 O nanospheres. The crystal phase of the product was determined by the concentration of ascorbic acid, whereas its final structure was controlled by the ultrasonic irradiation time and the concentration of β-CD. Moreover, porous Cu 2 O nanospheres exhibited enhanced photocatalytic activity compared with solid ones.
Introduction
In recent years, inorganic nanomaterials with specific size and structure have attracted much attention due to their potential applications in catalysis, optics, magnetics, and electronics. The intrinsic properties of an inorganic nanomaterial could be tuned by controlling its size and structure [1, 2] . Much effort has been devoted to the synthesis of semiconductor nanomaterials with different structures, such as rods [3] [4] [5] , wires [6] [7] [8] , tubes [9] [10] [11] [12] , belts [13, 14] , and hollow spheres [15] [16] [17] , on account of their specific properties and corresponding potential applications in science and engineering.
As an important p-type semiconductor material, Cu 2 O has recently stimulated increasing attention because of its promising applications in many areas, such as solar energy conversion [18] , gas sensing [19] , and lithium ion batteries [20] . To date, a variety of Cu 2 O microcrystals and nanocrystals with different structures have been successfully synthesized, such as nanowires [21, 22] , nanocubes [23] [24] [25] [26] , octahedra [27] , and hollow spheres [28] . However, there are few reports on the synthesis of porous Cu 2 O nanostructures. Porous nanostructures are exceptionally useful in sensing, catalytic, and mechanical applications because of their high 3 Authors to whom any correspondence should be addressed. surface area, tunable pore size, and adjustable framework [29] . It remains a significant challenge to fabricate porous nanomaterials with controllable structures [30] . Moreover, the structure control of Cu 2 O microcrystals and nanocrystals often relies on organic capping or directing agents, such as surfactants and ligands, some of which are toxic and would lead to an environmental burden [31] .
So it is highly desirable to develop green synthetic routes to porous Cu 2 O nanostructures under environmentally benign conditions.
With the recent advent of green nanoscience, many efforts have been focused on using biomaterials as templates to assemble inorganic nanostructures owing to the minimized negative environmental effects [32] . Biomaterials have special structures and fascinating self-assembling functions. Their special properties allow them to act as templates to direct the growth and organization of inorganic nanostructures at molecular level [33] . Thus, in controlling the structure and directing the synthesis of inorganic nanomaterials, biomaterials can play the same role as organic capping or directing agents but pose little harm to the environment. The biomaterial templating technique has been demonstrated to be a useful approach to the fabrication of inorganic nanostructures under environmentally friendly conditions [34] . To date, many biomaterials, such as sugars [35] [36] [37] , proteins [38, 39] and DNA [40] , have been utilized to design and synthesize inorganic nanoparticles.
Ultrasound has become an important tool for the synthesis of nanoparticles [41] . When liquids are irradiated with ultrasonic irradiation, acoustic cavitation produces a variety of physical and chemical effects, which could provide a unique environment for chemical reactions under extreme conditions [42] . It is worth noting that the ultrasound method embodies the principles of green chemistry [32] .
Herein, we present a green route for the synthesis of porous Cu 2 O nanospheres by combining biological reducing and capping agents with ultrasound irradiation. In this route, an aqueous solution of Cu(CH 3 COO) 2 containing ascorbic acid and β-CD was ultrasonically irradiated to produce porous Cu 2 O nanospheres. Ascorbic acid and β-CD acted as the reducing and capping agents, respectively. The effects of irradiation time and concentrations of ascorbic acid and β-CD on the crystal phase of the product and its final structure were investigated. Moreover, the structure-function correlation was studied by comparing the photocatalytic activity of porous Cu 2 O nanospheres with that of solid ones, and the possible mechanism is also proposed.
Experimental details

Synthesis of porous Cu 2 O nanospheres
All chemicals were of analytical grade and were used without further purification.
In a typical synthesis, Cu(CH 3 COO) 2 ·H 2 O (0.12 g) was dissolved in deionized water (60 ml). Then β-CD (0.68 g) and ascorbic acid (0.05 g) were added to the Cu(CH 3 COO) 2 solution with constant stirring. Afterward, the reaction system was exposed to high-intensity ultrasound irradiation under ambient air for 15 min. Ultrasound irradiation was generated with a highintensity ultrasonic probe (Xinzhi Co., China, JY92-2D, 0.6 cm diameter; Ti-horn, 20 kHz, 60 W cm −2 ) immersed in the reaction system. The yellow precipitate was centrifuged, washed with distilled water and absolute ethanol in sequence, and finally dried in air.
Characterization
X-ray diffraction (XRD) analysis was performed on a Philips X'Pert x-ray diffractometer at a scanning rate of 4
• min −1 in the 2θ range from 20
• to 80
• with graphite-monochromatized Cu Kα radiation (λ = 0.154 18 nm). Scanning electron microscopy (SEM) images were recorded on a JEOL JSM-6700. Transmission electron microscopy (TEM) analyses were conducted with a JEOL JEM-200CX with an accelerating voltage of 200 kV. N 2 adsorption-desorption isotherms were collected on a Micromeritics-Gemini adsorption analyzer at 77 K after the sample had been dried at 170
• C for 1 h. The Brunauer-Emmett-Teller (BET) surface area was calculated from the linear part of the BET plot. The pore size distribution plots were obtained by using the Barrett-Joyner-Halenda (BJH) model.
Photocatalysis
The photodegradation of ethyl orange was selected to study the structure-dependent photocatalytic function of Cu 2 O. First, Cu 2 O nanospheres with specific structure (0.05 g for the porous ones and 0.16 g for the solid ones) were dispersed in a 50 ml aqueous solution of ethyl orange (40 mg l −1 ). The porous and solid Cu 2 O nanospheres were added in different amounts in consideration of their different surface areas, so that both samples possessed the same surface area necessary for the comparison of their relative photocatalytic activity. A control sample was prepared in the same manner except for the addition of Cu 2 O nanospheres. Then, the samples were irradiated with light from a 500 W mercury lamp. The UV/vis absorption spectra of the samples were taken periodically on a Shimadzu UV-3600 spectrophotometer.
Results and discussion
Porous Cu 2 O nanospheres were synthesized in an aqueous solution containing Cu(CH 3 COO) 2 , β-CD, and ascorbic acid after ultrasonic irradiation for 15 min. Figure 1 exhibits the XRD pattern of the as-prepared porous Cu 2 O nanospheres. All the diffraction peaks could be assigned to the cubic phase of Cu 2 O (JCPDS No. 05-0667). Representative electron microscopy (EM) images of porous Cu 2 O nanospheres are shown in figures 2(a)-(g). It could be observed that these porous nanospheres were uniform in diameter (about 750 nm). Based on the EM images with different magnifications, pores were distributed on both the surface and the interior of the Cu 2 O nanospheres. The N 2 adsorption and desorption isotherms for the porous Cu 2 O nanospheres are provided in figure 2(h) , with the specific surface area 18.3 m 2 g −1 . Moreover, the corresponding pore size distribution (the inset of figure 2(h)) shows a peak pore diameter of 54 nm with pores up to 100 nm in size. Such porous structure provides efficient transport pathways to the interior cavities and allows the multiple reflection of light within the cavities, which could enhance the photocatalytic activity of catalysts [43] .
In our experiments, ascorbic acid acted as the reducing agent. To investigate the effect of ascorbic acid, five samples were prepared in 0.01 M Cu(CH 3 COO) 2 To understand the formation mechanism of the Cu 2 O, time-dependent experiments were carried out. Figure 4 shows typical TEM images of the samples obtained at different ultrasonic irradiation times. At the initial stages of ultrasonic irradiation, solid nanospheres were observed. With the increase in irradiation time, the surface of the nanospheres began to turn rough, and then cavities gradually appeared in the interior, indicating that pores formed from the surface to the interior of the nanospheres. When the irradiation time was 30 min, it could be observed that the porous structure of some nanospheres collapsed. Meanwhile, XRD analyses were used to identify the phases of the samples obtained at different irradiation times. As shown in figure 5 , the corresponding XRD patterns of the samples prepared at different times indicated that the samples were the primitive cubic phase of Cu 2 O throughout the ultrasonic irradiation reaction. This suggested that ultrasonic cavitation played a crucial part in the formation of the porous structure of Cu 2 O nanospheres. Ultrasonic cavitation is concerned with the formation, growth, and implosive collapse of bubbles, which could provide a vigorous reaction environment, such as high temperature (>5000 K), pressure (>20 MPa), and cooling rate (>10 10 K s −1 ) [42] . The collapse of bubbles near the surface of nanospheres created microscopic turbulence at the interface of solid and liquid. Such microturbulence is a kind of high-speed liquid microjet, which could drive liquid into the nanospheres to produce pores. Therefore, the high-speed microturbulence induced by ultrasonic irradiation served as nanoscale chisels in the formation of pores. When pores formed on the surface of nanospheres, the high-speed liquid microjets would further drive liquid through the pores. Thus, pores first appeared on the surface and then in the interior of nanospheres. However, overlong ultrasonic irradiation would lead to the collapse of the porous structure owing to the overdose exposure to high-speed microturbulence.
Here, β-CD serves as a capping agent in the formation of porous Cu 2 O nanospheres. To study the effect of β-CD, three samples were prepared in 0.01 M Cu(CH 3 COO) 2 and 0.005 M ascorbic acid under ultrasonic irradiation for 15 min with different concentrations of β-CD. It was found that the final structure of the product was determined by the concentration of β-CD while its crystal phase was not changed, which could be confirmed by the XRD patterns of these samples (the insets of figure 6 ). When the concentration of β-CD was 0.01 M, porous Cu 2 O nanospheres were obtained, as mentioned above. When the concentration of β-CD decreased to 0.002 M, only Cu 2 O particles without uniform size and structure were observed; see figure 6(a). When the concentration of β-CD increased to 0.03 M, solid Cu 2 O spheres were obtained, as shown in figure 6(b) . The reason might be that the capping effect of β-CD with lower concentration was not sufficient for the effective coverage or passivation of Cu 2 O, thus resulting in the formation of the particles without uniform size and structure. Conversely, the capping effect of β-CD with higher concentration was so strong that the product was resistant to the chiseling effect of ultrasonic irradiation, thereby leading to the formation of solid nanospheres instead of porous ones. Therefore, an appropriate concentration of β-CD is critical to the fabrication of porous structure. The porous Cu 2 O nanospheres could be used in the photocatalytic degradation of organic dyes. To demonstrate the structure-function correlation, the photocatalytic activity of porous Cu 2 O nanospheres was compared with that of solid ones through selecting the degradation of ethyl orange as a probe reaction. Representative TEM images of the porous and solid Cu 2 O nanospheres are shown in figures 2(f) and 6(b), respectively. The characteristic absorption of ethyl orange at 474 nm was selected to monitor the photocatalytic degradation process. As illustrated in figure 7 , the porous Cu 2 O nanospheres displayed a considerably larger extent of the photodegradation reaction than the solid ones after irradiation for 30 min, indicating that the photocatalytic activity of the porous Cu 2 O nanospheres was substantially higher than that of the solid ones. It is worth mentioning that different weights of porous and solid Cu 2 O nanospheres were used in consideration of their different surface areas (18.3 m 2 g −1 for the porous ones, and 5.7 m 2 g −1 for the solid ones). Thus, both of the samples had the same surface area, which was essential for the comparison of their relative photocatalytic activity. Since the two samples possessed the same crystalline structure (JCPDS No. 05-0667) and surface area, the higher photocatalytic activity of the porous Cu 2 O nanospheres could be attributed to the cavity structure. Such structure allowed the multiple reflection of light within the interior cavities, leading to the efficient use of light and thus improving the photocatalytic activity of Cu 2 O. This multiple reflection concept could be used in the design and synthesis of functional nanostructures with improved physical and chemical properties.
Conclusion
In summary, a green method for the synthesis of porous Cu 2 O nanospheres has been developed by using ascorbic acid as the reducing agent and β-CD as the capping agent via a sonochemical route. This method is simple, rapid, economic, environmentally friendly, and could be performed under ambient conditions. The crystal phase of the product was determined by the concentration of ascorbic acid, while its final structure was controlled by the ultrasonic irradiation time and the concentration of β-CD. Furthermore, the interior cavity structure of the porous Cu 2 O nanospheres led to enhanced photocatalytic activity owing to the multiple reflection of light within the cavities. Porous Cu 2 O nanospheres have potential applications in many fields, such as optics, magnetics and environmental protection. Additionally, this method may be applied to the synthesis of other nanosized inorganic materials with porous structures.
